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Abstract
In this study, it is demonstrated that fat saturation (FS) preparation (prep) pulses generate
incidental magnetization transfer contrast (MTC) in multi-slice Look-Locker imaging. It is shown
that frequency-selective FS prep pulses can invoke MTC through the exchange between free and
motion-restricted protons. Simulation reveals that the fractional signal loss by these MTC effects
is more severe for smaller flip angles, shorter repetition times, and greater number of slices. These
incidental MTC effects result in a signal attenuation at a steady state (up to 30%) and a T1
measurement bias (up to 20%) when using inversion recovery Look-Locker EPI sequences.
Furthermore, it is shown that water-selective MR imaging using binominal pulses has the potential
to minimize the signal attenuation and provide unbiased T1 measurement without fat artifacts in
MR images.
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Introduction
Magnetization transfer contrast (MTC) based on the exchange between highly mobile
protons (1Hf) and macromolecular protons (1Hr) in biological tissues was first demonstrated
by Wolff and Balaban (1). The underlying biophysical mechanism of magnetization transfer
(MT) has been investigated extensively using theoretical modeling (2,3) and in vivo
experiments (4,5). MTC effects can be achieved by employing continuous (1) or pulsed (6)
off-resonance radiofrequency (RF) irradiation in imaging sequences.

Interestingly, incidental MTC has been reported primarily in multi-slice imaging sequences
(7), in which the off-resonance excitation of slice-selective pulses induces unwanted MTC,
leading to a loss of signal intensity. This phenomenon has been observed predominantly in
multi-slice fast spin-echo (FSE) (8,9) and steady-state free precession (SSFP) (10)
sequences, with increased MTC when a greater number of slices were acquired (7). It is
intuitive that MTC is dependent on the number of off-resonance RF pulses applied per unit
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time and the power of these pulses to irradiate the 1Hr pool. The former is related directly to
the number of slices, while the latter is dependent on the flip angle (FA) and frequency
offset of these pulses. When the off-resonance RF pulses have a relatively large FA (90° and
180° in FSE) and/or are repeated rapidly (SSFP), MTC is not negligible and the effects
accumulate when the number of slices is increased.

Recently, in a measurement of the longitudinal relaxation time (T1) of the brain using a
multi-slice inversion-recovery Look-Locker echo-planar imaging (IR LL-EPI) sequence
(11), we observed a significant signal loss at steady state and a change in the recovery rate
during the inversion recovery procedure, when using fat saturation (FS) preparation (prep)
pulses (see Fig.1). This phenomenon was prominent in gray and white matter, but not in
cerebrospinal fluid (CSF). It was therefore suspected that the FS prep pulses, which were
frequency-selective, generated MTC. This incidental and undesirable MTC by FS prep
pulses is problematic, especially in quantitative MR measurements, such as T1
measurements.

In this study, we systematically investigate the MTC effects by FS prep pulses in multi-slice
IR LL-EPI sequences. Attenuation of signal intensity and T1 measurement bias in the brain
due to the FS prep pulses are demonstrated. Computer simulations, based on a two-pool
exchange model, are performed to examine their dependence on imaging parameters such as
the number of slices (SN), FA and repetition time (TR). The potential direct saturation
of 1Hf by FS prep pulses (bleed-over) is also investigated. As a solution to the problem,
water-only excitation (WE) pulses, which generate frequency-selective excitation of water
protons in the 1Hf pool, show great potential to minimize the signal attenuation and T1
measurement error, while avoiding chemical-shift artifacts from fat tissue.

Methods
MR experiments

Studies were performed under a protocol approved by the Institutional Review Board at the
National Institute on Drug Abuse; all subjects provided written informed consent. Three
healthy subjects (32±12 years, 2 females) were scanned on a Siemens 3T Allegra scanner
(Siemens Medical Solutions, Erlangen, Germany) using a quadrature volume coil. To
measure a reference T1, an IR-EPI sequence was used to collect data on a single brain slice,
using a non-selective inversion with 10 different inversion times (TIs), respectively, ranging
from 34 ms to 15000 ms. The other imaging parameters were: TR/TE = 30s/14ms, FA=16°,
FOV=220×220 mm2, matrix=64×64, and slice thickness=5mm. To minimize potential
effects from instrumental instabilities and temperature fluctuations due to repeated RF
pulses and gradients, the baseline T1 measurement was performed twice before and after IR
LL-EPI scans (described below) and averaged.

IR LL-EPI scans with a varying number of slices (SN = 1, 3, 5, 7, and 9) were performed on
the subjects. Two IR LL-EPI sequences with different strategies to suppress the fat signal
were used: 1) FS prep pulse (FS); IR LL-EPI with a frequency-selective FS prep pulse (on
the fat resonance) followed by gradient crushers and then a slice-selective excitation pulse,
and 2) water-only excitation pulses (WE); IR LL-EPI with WE pulses consisting of
composite binominal pulses to generate a slice-selective excitation of the free water
resonance (12,13). The FS prep pulse was based on a Gaussian function with duration of
5112 μs. The WE pulses were “1-2-1” binominal pulses (12,13) used to excite the free water
molecules. For comparison, IR LL-EPI scans with a conventional water excitation pulse but
without any FS prep pulses (noFS) were also performed. The center slice in IR LL-EPI
scans was aligned to that in the IR-EPI, and compared across different scans. To minimize
the T1 measurement bias due to imperfect excitation pulses, optimal imaging parameters for
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the IR LL-EPI sequences were used based on previous studies (14): FA=16°, TR/TE =
400/14ms, 25 time sampling points during an IR period of 10 s. T1 values were calculated
from the recovery of the signal intensity:

[1]

where  is the apparent longitudinal magnetization relaxation time obtained from LL
sequences (14,15). T1 and the longitudinal magnetization at steady state, MSS values were
measured in white matter (WM) and gray matter (GM) regions of interest (ROIs), which
were chosen based on a full-width-at-half-maximum (FWHM) method to fit two Gaussian
distributions from the measured T1 distribution in the IR-EPI image (16). Relative T1
(rel.T1) and relative MSS (rel.Mss) were defined as measured T1 and MSS from the IR LL-
EPI sequences with FS or WE, divided by T1 and MSS from the IR-LL-EPI sequence
without FS (noFS), respectively.

MTC and bleed-over effects (Sf and Sr measurements)
Mathematical modeling was designed to analyze the signal saturation and the relaxation rate
change induced by FS prep pulses in multi-slice MR sequences. A two-pool exchange model
describing pulsed MTC by Pike (17) was adapted and modified (See Appendix). Pike's
analytic model introduced the fractional saturation in the 1Hf compartment (Sf) and the
fractional saturation in the 1Hr compartment (Sr) by off-resonance pulses. In this study, Sf
and Sr by FS prep pulse were considered. Potential bleed-over effects by FS were also
investigated. From the simulated and experimental data, Sr and Sf in WM and GM were
estimated by minimizing the sum of squared error (SSE) across the number of slices, defined
as the difference between the mathematical model and the experimental data:

[3]

where rel.MSS (Sf, Sr, SN) is calculated from Eqn. [A-21]

Dependency of imaging parameters on MTC by FS
Simulations were performed to examine the relationship between the MTC effects and the
imaging parameters. MTC effects which induced signal attenuation and T1 bias were
assessed as a function of SN, TR and FA. Simulated data were generated with various SN
(1, 3, 5, 7 and 9), TR (0.4, 0.8 1.2, 1.6 and 2 s), and FA (16°, 32°, 48°, 64°, and 80°) values,
respectively. The intrinsic parameters for GM (T1,f = 1.15s, T1,r = 1.2s, kf =4 Hz and
F=0.07) adapted from the literature (18) were used in the simulations.

Results
Signal intensity and T1 measurement

Fig.2 and Tab.1 show the relative T1 and MSS of representative ROIs in WM and GM from
the three subjects as a function of SN. For comparison, data from a phantom filled with
distilled water are also shown. With FS prep pulses, signal loss in the WM and GM ROIs
was more severe as the SN was increased (Fig.2a); a similar tendency was observed in the
measured T1 values (Fig.2b). However, signal intensity and measured T1 in the water
phantom did not change significantly with SN. FS prep pulses caused approximately 30%
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signal loss and 20% T1 underestimation in WM and GM when SN was 9. In contrast, IR LL-
EPI sequence with WE pulses did not show attenuation of signal intensity or T1
measurement bias (Fig.2c and 2d).

MTC and bleed-over effects
Sr and Sf values were estimated to be 0.802 and 0.997 in WM, and 0.806 and 0.998 in GM,
respectively. Based on the two-pool exchange model (see Appendix), if the MTC effects are
neglected (Sr=1 and Sf=0.998) the rel.MSS is expected to be 0.959, which is inconsistent
with the experimental results. However, if the bleed-over effects are neglected (Sr=0.806 and
Sf=1) the rel.MSS is calculated as 0.776, which is close to the experimental data (0.751).
These results indicate that MTC effects are largely responsible for the signal attenuation and
T1 bias in multi-slice LL-EPI sequences.

Dependence of MTC effects on image parameters
The dependence of the fractional signal loss on image parameters (FA, TR and SN) with a
FS prep pulse was evaluated with measured Sr (0.806) and Sf (0.998) values in GM. Fig.3
shows that the signal attenuation is more severe as FA decreases, TR shortens and SN
increases. Similar results were obtained using Sr and Sf values measured in WM.

Comparison of T1 maps
Fig.4 shows the representative T1 maps obtained from the conventional IR-EPI sequence
(Fig.4a) and the corresponding center slice T1 maps from three IR LL-EPI sequences with
different preparation and excitation pulses: without FS (noFS) (Fig.4b), with FS (Fig.4c),
and with WE (Fig.4d). Compared to the conventional IR-EPI sequence (as a “gold
standard”), T1 values from IR LL-EPI with FS were underestimated (Fig.4c), while the
values from IR LL-EPI with WE were consistent (Fig.4d). The T1 map from the IR LL-EPI
sequence without FS shows a “ringing” artifact (arrow) due to a chemical shift of the fat
signal.

Voxel-wise comparisons of the T1 values from the IR-EPI sequence and the center slice of
each IR LL-EPI scan from the three subjects are plotted in Fig.5. Spatial smoothing with a
Gaussian filter (6 mm FWHM) was performed to minimize head motion effects and image
distortion between scans. Voxels with T1 values larger than 2.5 s were excluded for the
comparison. The T1 values from IR LL-EPI with FS were underestimated by approximately
17.7±4.0%. The error was substantially reduced in data acquired from IR LL-EPI without
FS (4.3±6.6%) and with WE (5.6±4.1%). In addition, the precision was considerably
improved in data from IR LL-EPI with WE compared to that from IR LL-EPI without FS, as
indicated by significantly smaller standard deviations, probably due to their differences in
effective fat signal suppression.

Discussion
Frequency-selective FS pulses have been widely used in EPI-based sequences to suppress
unwanted fat signal. The off-resonance irradiation (relative to 1Hf) may induce non-
negligible MTC effects and result in attenuation of the 1Hf signal. In this study, we
investigated this phenomenon in multi-slice LL-EPI sequences and assessed its effects on
the accuracy of T1 measurement. Our results showed that the FS prep pulses can result in a
maximum of 30% signal loss at steady state and a 20% error in T1 quantification. Multi-slice
imaging techniques have been widely used to acquire images covering the entire brain.
However, the number of FS pulses per unit time usually increases when a larger number of
slices are collected in multi-slice imaging, resulting in more severe signal attenuation as
shown in Fig.2a. These MTC effects can lead to considerable errors in quantitative MRI
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techniques, such as T1 measurement using LL acquisition (Fig.2b). The signal loss is also
dependent on imaging parameters such as FA and TR (Fig.3). Since the T1 measurement
using Look-Locker sequences performs better with a relatively low FA and a small TR to
better observe signal recovery (14), these sequences are particularly vulnerable to MTC-
induced errors in quantification.

Binomial composite pulses have been frequently used to selectively irradiate spins in a
specific frequency range. The basic principle of binominal WE pulses is to excite water
protons at a full strength and to suppress fat protons by setting the first null frequency to the
fat resonance. If the RF pulse is a delta function, the “1-2-1” composite RF pulses follow a
cosine function over the frequency domain. Assuming 434 Hz between water and fat
resonance frequencies at 3T, the 1-2-1 WE pulses have a 434 Hz FWHM. A conventional
water-excitation RF pulse typically has a larger bandwidth than WE pulses, covering the fat
resonance frequency. The narrower bandwidth of the WE pulses might explain the
observation that MSS values with WE pulses are slightly lower than those without FS in Fig.
2 and Tab.1 (rel. MSS = 98.6% in WM, 97.5% in GM, and 97.4% in water, respectively).
Nevertheless, we demonstrated in this study that spatial-spectral selective RF pulses with a
narrow bandwidth provided great potential to minimize the MTC effects and chemical shift
artifacts.

Voxel-wise T1 comparisons in Fig.5 showed that IR LL-EPI without FS and with WE
overestimated T1 by 4.3% and 5.6%, respectively, compared with the baseline measurement.
For an accurate T1 measurement using LL approaches it is known that B1 inhomogeneity is
the one of the main error sources (19). Recent studies demonstrated that the accuracy of T1
measurements depend on the applied flip angle, RF excitation efficiency (γ), T1 and TR,
formulated as T1 ln(cosα / cosγα) / TR (14). Note that γ is the ratio of the actual FA to the
ideal FA, which depends on spatial location. The overall B1 inhomogeneity in the human
brain is approximately 0.9 based on previous studies (20). Therefore, a 4.3% T1
overestimation when using IR LL-EPI without FS can be explained by imperfect RF
excitation efficiency, and the 5.6% T1 overestimation observed in the LL method with WE
pulses might be caused by a further reduction in efficiency due to the narrow WE pulse
bandwidth.

The FS prep pulse used in this study was set to the default setting in Siemens 3T scanners
(duration of 5120 μs, bandwidth of 275 Hz, FA of 110°). Although these parameters are
commonly used for FS pulses, parameter changes may result in different levels of signal
attenuation and T1 measurement bias even when other experimental conditions are kept the
same (21). The fractional saturation indices, Sr and Sf, may also be dependent on the FS
pulse parameters. Optimization of the FS prep pulse to generate less MTC effects while
efficiently minimizing the fat-induced artifacts would be useful for future studies.

The potential MTC effects by off-resonance irradiation from the water excitation RF pulses
applied on other slices were not investigated in this study. We used a relatively small FA
(16°) so that the MTC from these off-resonance irradiations was expected to be very small
for the following reasons. First, the irradiation of the 1Hr pool by the small FA pulses could
be ignorable (cos16° = 0.96). Second, assuming a slice thickness of 5 mm and a slice-
selective gradient of 10mT/m, the frequency difference between the adjacent slices was
larger than 20 kHz, at which the MTC effects attenuated significantly. Third, the frequency
difference increased as the excited slice was farther away from the slice of interest, so that
MTC might not accumulate in multi-slice imaging. However, RF pulses with a relative large
FA (>60°) in EPI acquisitions might invoke non-negligible MTC by the off-resonance
irradiation of the water excitation RF pulses applied to other imaging planes. These MTC
effects may be avoided completely by using 3-dimensional imaging acquisition strategies.
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Conclusions
In this study, we demonstrated that FS prep pulses could invoke incidental MTC effects in
multi-slice imaging sequences, resulting in significant attenuation of signal intensity due to
dynamic exchange between the 1Hf and 1Hr pools. These incidental MTC effects would
generally have a detrimental impact on quantitative MRI techniques. In particular, we
demonstrated the influence of the MTC effects on T1 measurements using an IR LL-EPI
sequence with a FS prep pulse. The dependence of these MTC effects on imaging
parameters (FA, TR and SN) was assessed using simulation, showing that the effects were
more severe when a smaller FA value, shorter TR, or larger SN was used. We further
showed that WE pulses had the potential to minimize the signal attenuation and T1
measurement error, while suppressing fat artifacts in MR images.
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Appendix
A two-pool analytic description of signal evolution in the presence of exchange between
the 1Hf and 1Hr pools has been proposed in previous studies (6). The longitudinal
magnetization change between the 1Hf and 1Hr pools can be described by two first-order
exchange rate constants: kf (from 1Hf to 1Hr) and kr (from 1Hr to 1Hf). Without any
irradiation from the applied RF pulses, longitudinal magnetization components in the 1Hf
pool (Mz,f) and the 1Hr pool (Mz,r) can be described as

[A-1]

[A-2]

where R1,f and R1,r are the intrinsic longitudinal relaxation rates in the 1Hf and 1Hr pools,
respectively. M 0, f and M 0,r represent the equilibrium longitudinal magnetization in the 1Hf
and 1Hr pools, respectively. Considering only the longitudinal components in this model,
Mz,f and Mz,r are simplified and replaced with Mf and Mr, respectively.

The solutions of these coupled equations can be expressed as bi-exponentials;

[A-3]

[A-4]

where
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[A-5]

[A-6]

in which

[A-7]

To simplify the equations, it is assumed that 1) each FS pulse is applied instantaneously, 2)
Mf is excited only by on-resonance slice-selective RF pulses, and partially saturated by the
FS pulse, 3) Mr is partially saturated by FS, and 4) the transverse magnetization before the
excitation is negligible due to the applied gradient spoilers.

To determine the longitudinal magnetization,  and  are considered as before and after
the excitation pulses in the nth slice. Using a column vector,  the
longitudinal magnetization in both the 1Hf and 1Hr pools can be tracked.

[A-8]

[A-9]

where S̄on and S̄off are diagonal matrices in on- and off-resonance excitation, respectively

[A-10]

[A-11]

where Sf and Sr are fractions in the Hf and Hr pools, respectively, irradiated (or saturated) by
the FS pulse.

Using the matrix form of the general solution of Eqns.[A5-A9], the relaxation during the
time interval between the acquisitions of two slices (TR / SN) can be written as;

[A-12]
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where . Ā and B̄ are 2×2 matrices with elements ai,j and bi,j, respectively.
The elements of the matrices are expressed as follows:

[A-13]

[A-14]

[A-15]

[A-16]

[A-17]

[A-18]

[A-19]

[A-20]

where E1 = exp(−λ1TR/SN) and E2 = exp(−λ2TR/SN)

Combining the above equations, the longitudinal magnetization immediately after TR

 can be expressed as

[A-21]

When the longitudinal magnetization approaches steady state, its intensity MSS can be
obtained by solving Eqn.[A-21],

[A-22]
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Fig 1.
A comparison of representative image intensities using IR LL-EPI with (a) and without (b)
FS pulses. Other imaging parameters were identical in the two sequences. Two ROIs were
chosen to represent WM and CSF, respectively. Black and white dots represent the signal
regrowth from IR LL-EPI with and without FS prep pulses, respectively. Note that signals in
WM (c) show differences in effective recovery time constant (T1*) and intensity at steady
state (MSS) with and without FS prep pulses, while signals in CSF (d) have no significant
difference.
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Fig 2.
The signal attenuation and T1 measurement bias using IR LL-EPI as a function of the
number of slices. Rel. MSS and rel.T1 values were compared in WM, GM and a distilled
water phantom with FS prep and WE pulses, respectively.
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Fig 3.
The fractional signal loss as a function of FA or TR, simulated using the two-pool model
described in the Appendix. The fractional signal loss, or rel. MSS was simulated with
varying FA and SN while TR was fixed (400ms) (a), and varying TR and SN while FA was
fixed (16°) (b).
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Fig 4.
A comparison of representative T1 maps, obtained from conventional IR-EPI as a baseline
(a), from IR LL-EPI without any prep pulse (b), from IR LL-EPI with a FS prep pulse (c),
and from IR LL-EPI with WE pulses (d). The white arrow shows the “ringing” artifact due
to chemical shift difference between fat and free water.
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Fig 5.
A voxel-wise comparison of T1 values in a slice of the brain. The x-axes represents the
baseline T1 values from IR-EPI, and the y-axes represent T1 values from IR LL-EPI without
any prep pulses (a), with a FS pre pulse (b), and with WE pulses (c). The dash line shows
the identity relationship (y = x).
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Tab. 1

Prep. pulse Tissue SN

1 3 5 7 9

rel. MSS
(%)

FS WM 94.2±0.6 85.7±0.3 79.1±0.4 73.8±0.6 69.9±0.5

GM 93.8±0.5 86.1±0.5 80.2±0.4 75.6±0.7 72.0±0.9

WE WM 98.6±2.4 98.7±2.3 98.7±2.2 98.6±2.2 98.6±2.2

GM 97.3±2.3 97.5±2.2 97.6±2.3 98.6±2.2 98.6±2.1

rel. T1
(%)

FS WM 95.9±1.1 88.2±1.2 82.7±1.5 78.0±1.8 75.7±2.3

GM 97.1±0.8 90.4±1.2 86.1±0.8 81.7±0.9 79.6±0.8

WE WM 100.0±1.7 100.1±1.7 100.0±1.6 99.8±2.1 100.0±2.9

GM 101.0±1.3 101.8±1.4 101.0±0.8 100.7±1.4 101.6±1.3
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